Sandia has approached the analysis of big datasets with an integrated methodology that uses computer science, image processing, and human factors to exploit critical patterns and relationships in large datasets despite the variety and rapidity of information. The work is part of a three-year LDRD Grand Challenge called PANTHER (Pattern ANalytics To support High-performance Exploitation and Reasoning). To maximize data analysis capability, Sandia pursued scientific advances across three key technical domains: (1) geospatial-temporal feature extraction via image segmentation and classification; (2) geospatial-temporal analysis capabilities tailored to identify and process new signatures more efficiently; and (3) domainrelevant models of human perception and cognition informing the design of analytic systems.
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Our integrated results include advances in geographical information systems (GIS) in which we discover activity patterns in noisy, spatial-temporal datasets using geospatial-temporal semantic graphs. We employed computational geometry and machine learning to allow us to extract and predict spatial-temporal patterns and outliers from large aircraft and maritime trajectory datasets. We automatically extracted static and ephemeral features from real, noisy synthetic aperture radar imagery for ingestion into a geospatial-temporal semantic graph. We worked with analysts and investigated analytic workflows to (1) determine how experiential knowledge evolves and is deployed in high-demand, high-throughput visual search workflows, and (2) better understand visual search performance and attention.
Through PANTHER, Sandia's fundamental rethinking of key aspects of geospatial data analysis permits the extraction of much richer information from large amounts of data. The project results enable analysts to examine mountains of historical and current data that would otherwise go untouched, while also gaining meaningful, measurable, and defensible insights into overlooked relationships and patterns. The capability is directly relevant to the nation's nonproliferation remote-sensing activities and has broad national security applications for military and intelligencegathering organizations. 
INTRODUCTION
Although high-consequence, national security decisions rely on timely, comprehensive answers to complex questions, critical gaps remain in our ability to consider important relationships buried in the data. In the context of remote surveillance, these gaps arise from outdated technical assumptions, resulting in incomplete intelligence and an overreliance on visual interpretation by human analysts. Not surprisingly, current approaches tax analysts' working memory and unnecessarily burden highly trained personnel with rudimentary tasks.
Decades of sensor R&D have enabled the real-time (and near-real-time) collection of petabytes of structured and unstructured data to support the search for ever more nuanced, low-profile targets over larger areas, for longer periods and at higher sampling rates. Importantly, at-rest data systems have also benefited from these improvements. The overwhelming volume, variety, veracity and velocity of high-information-density data have stretched our analytic capabilities to unsustainable levels:
 Many important phenomena are below the limit of human perception-in nearly every national security domain.  The phenomena are scaling much faster than the ability to observe and process them.
 Key connections between observables cannot be made.
 Overwhelmed operators struggle to use data for predictive and forensic purposesespecially in real time.  Data transmission and storage limitations confound the problem.
The systems and workflows that have been put into place in recent years only address some of the problem. They were designed for a limited set of objectives or missions, and they have not been able to keep pace with the changing data landscape. For example:
 Only a small fraction of surveillance data is ever examined by analysts.
 Workflows are labor intensive and devoid of effective computational tools.
 Analysts cannot apply computational tools to identify relationships in data or discover meaningful, defensible trends and patterns, especially in spatial-temporal data.  Analysts cannot easily perform integrated analysis across multiple sensors and data sources.
The intelligence, surveillance and reconnaissance community clearly needs to reconsider how data is managed and analyzed to support real-time analysis of data in complex, evolving national security challenges.
This report summarizes PANTHER (Pattern ANalytics To support High-performance Exploitation and Reasoning), a three-year Grand Challenge Laboratory Directed Research and Development (LDRD) project that developed new methods for spatial-temporal data analysis. PANTHER focused on geospatial data because a large proportion of national security data includes geospatial and temporal attributes. PANTHER research focused on two integrating themes: (1) rethinking traditional Geographical Information Systems (GIS) and (2) analyzing trajectories. A distinguishing aspect of this work is an emphasis on elevating the ability of national security analysts to discover and disambiguate threat patterns in large spatial-temporally tagged datasets. PANTHER research also made significant advances in several enabling capabilities: (a) sensor exploitation of synthetic aperture radar data, (b) conveying search confidence with noisy or uncertain data and (c) understanding visual search workflows.
The key insight for PANTHER research on GIS was to leverage geospatial-temporal semantic graphs to provide a compact, flexible representation that supported advanced search. This research:
 Demonstrated the ability to populate geospatial-temporal semantic graphs with imagederived, geo-and time-tagged features from multiple data sources (including Synthetic Aperture Radar (SAR)-derived products),  Developed semantic graph search techniques that can find novel relationships in geospatial data, including threat signatures that consist of durable features and activities, and  Developed novel temporal semantic graph representations that can accurately capture the structure in different types of geospatial data, i.e. objects in motion at varying levels of persistence.
PANTHER research on trajectory analysis supports the analysis of patterns in motion in a very flexible manner. This research:
 Developed a novel geometric and temporal representation for trajectories that enabled the fastest known trajectory comparison algorithms,  Demonstrated the discovery of spatial-temporal relationships in trajectory data sets, and performed a one-to-many comparison on large-scale data sets (gigabytes of tracks),  Developed techniques to predict trajectory terminus and diversion behaviors, and  Demonstrated the use of these techniques on national security data sets.
Sensor exploitation, visual search and uncertainty analysis are enabling capabilities that require and support spatial-temporal data analysis. This research:
 Developed a search quality ranking process that is suitable for semantic graph search using real, noisy, geospatial data,  Developed and validated efficient algorithms that extract static and ephemeral features from Synthetic Aperture Radar (SAR) imagery for activity analysis,  Elicited analytic knowledge through work domain and task studies for national security and high consequence decision workflows,  Performed experimental studies of visual search and visual attention that provided new insights into visual processing for national security data sets (e.g. top-down vs. bottomup), and  Adapted trajectory analytics to provide novel capabilities for analyzing eye tracking data. This document describes the key accomplishments of this research. Sections 2 and 3 describe the two integrating themes of PANTHER: trajectory analysis and rethinking GIS. Section 3.1 describes how PANTHER's GIS capabilities have been tailored to support real-world analysis of national security threats. Section 4, 5 and 6 describe the enabling capabilities that support the two integrating themes: sensor exploitation, uncertainty analysis and visual search. We discuss conclusions and future directions in Sections 7 and 8, and the appendices document project metrics. The goal of this report is to provide an executive summary of PANTHER's research, which is documented in detail in a variety of SAND reports, referenced throughout this report and summarized in the Appendix.
TRAJECTORY ANALYSIS
Motion datasets include paths of objects in space and time that can be summarized with trajectory representations. Trajectory data can be exploited to address a variety of national security-motivated questions:
 Where are all of the moving objects?
 What are the moving objects?
 What are they doing now?
 Why are they doing these things?
 What might they do?  When will we be able to tell?
 Are these things they are doing unusual, or have they done them before?
For example, PANTHER considered the analysis of aircraft trajectories in the widely available Aircraft Situation Display to Industry (ASDI) air traffic data corpus. Classification of aircraft trajectories supports the identification of anomalies that may reflect criminal or threat activity. Further, understanding normal and abnormal air traffic is needed to robustly manage public air traffic resources. This application illustrates a variety of challenges of trajectory analysis, including incomplete and missing data, data errors, the need in integrate data from disparate sources and the need for scalable algorithms. The ASDI data set consists of approximately 50,000 flights per day, and we worked with 2 years worth of this data.
PANTHER developed a novel representation for trajectories in which a feature vector is used to capture geometric and structural statistics of the trajectory. This representation supports summarization of complex trajectories in a compact space, and it facilitates the application of machine learning techniques to trajectory data. In fact, we demonstrated a variety of trajectory analysis techniques listed below:
 Find trajectories that are most similar to a given trajectory.
 Find trajectories that exhibit a behavior of interest without regard to translation, rotation or scale.  Divide trajectories into clusters.
 Find trajectories that are outliers.
 Predict trajectory destinations using historical data.
This research catalyzed several new avenues of investigation. We demonstrated these trajectory analysis techniques on national security data sets, which resulted in new funding to mature this research for emerging applications in air, maritime, and ground domain awareness. We are collaborating with State University of New York, Stony Brook mathematicians to identify other algorithmic techniques that leverage geometric representations of trajectory behavior (Fekete et al, 2015) . Finally, we have prototyped the integration of alternate trajectory and geospatialtemporal semantic graph representations (see below) .
RETHINKING GEOGRAPHICAL INFORMATION SYSTEMS
Across the National Security community, the analysis of remote sensing data remains focused on "low-level" exploitation that focuses on pixels in imagery or points of trajectories by human analysts. However, this "eyes-on-pixel" paradigm needs to be reconsidered to enable the characterization of activities with complex spatial-temporal relationships. For example, oftentimes the identification of emerging threats requires analysis of trends across months of image data.
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Change Detection Activity Analysis Following Sandia's previous research for the DOE Office of Nuclear Non-Proliferation (NA-22), we used geospatial semantic graphs to represent object relationships in space and time. Semantic graphs a) support a discrete, compact representation of objects, b) can represent complex relationships through the graph and edge properties, and c) can integrate data from distinct sources. Figure 1 illustrates the canonical strategy used in PANTHER to represent relationships in remote sensing image-derived data with geospatial-temporal semantic graphs. Our research focused on graph representations suitable for remote sensing, as well as search techniques to find patterns in geospatial and temporally tagged data.
PANTHER demonstrated a variety of geospatial-temporal graph analytic techniques : Additionally, this research demonstrated the ability to automatically populate geospatial temporal semantic graphs with image-derived, geo-and time-tagged features from multiple data sources. These included derived products from SAR (see below). This research developed a variety of semantic graph search techniques that can find novel relationships in geospatial data, including threat signatures that consist of durable features and activities.
Our research leveraged and extended the GeoGraphy software . We extended GeoGraphy to ingest diverse data, represent the complex features within the data, and search for relationships based solely on geospatial and temporal characteristics. Key features of GeoGraphy are (1) the ability to represent both durable and ephemeral features, (2) representations for ambiguous time, (3) search writeback and (4) re-use to support future searches and hierarchical edge/node semantics. Additional features of GeoGraphy are described in Patterson et al, 2015 and McClendon et al, 2015 .
We also developed an interface for GeoGraphy to explore how analysts work with complex data representations like geospatial-temporal semantic graphs; we refer to this prototype loosely as the PANTHER User Interface (UI) (Coram et al, 2015) . The PANTHER UI supports the visualization of geospatial, remote-sensing data (and derived information) responsible for the nodes and edges in the semantic graph, an interactive query creation tool, and the rendering of search results. The UI supports most GeoGraphy functionality (about 60%), and the UI catalyzed the development of an interactive, analyst-generated query environment.
This rich functionality allowed us to support the creation of a challenge problem -integrating data from multiple intelligence sources -that was used to demonstrate how an analyst could translate a well-grounded intelligence question into a set of machine-readable queries. This demonstration showed a reduction in time on analytic tradecraft by orders of magnitude. This example significantly improved our ability to demonstrate and communicate the application and impact of geospatial-temporal semantic graphs on important problems.
SENSOR EXPLOITATION OF SYNTHETIC APERTURE RADAR
Synthetic Aperture Radar (SAR) lends itself to visual extraction of high temporal resolution activity indicators with high spatial resolution, making it decipherable for image interpreters trained in radar phenomenology. State-of-the-art change detection algorithms developed by Sandia for our airborne SAR imaging systems rely on the statistical analysis of changes in pixel values across cycles of data collection. Resulting image products minimize noise while highlighting pixel-level scene changes, enabling analysts to use their visual cortex to assess signatures associated with geospatially localized, time-limited threat events. However, longerterm analysis to assess emerging threat patterns requires automatic sensor exploitation to identify correlations among spatial-temporally distributed traces of human activity and subsequent surprise events. PANTHER's automated SAR image analysis transforms pixels into machine-readable a) static features, such as roads, buildings and parked cars and b) ephemeral features, such as vehicle tracks (Bray et al, 2015) . This capability supports an end-to-end analytic pipeline (Figure 2 ) that couples a high resolution, high-temporal collection SAR system with the geospatial-temporal semantic graph framework summarized above in Section 3. This pipeline starts at the sensor, where image data is collected, then processed into derived products. The derived products are then transformed into features that are ingested by a geospatial-temporal semantic graph framework. The framework then enables a wide range of queries, and it presents patterns through a user environment that exposes data to an image interpreter.
Our initial research transformed pixels into static object features by employing noise reduction, transformation into derived image products, superpixel segmentation, and supervised classification schemes. We also discovered an important limitation of our test data: we used single-polarimetric SAR data, which only captures a fraction of machine-interpretable radar phenomenology. Subsequently, we demonstrate that fully-polarimetric SAR data supports more accurate identification of SAR static and ephemeral features, and we developed a deeper understanding of high resolution full-and dual-polarimetric SAR coherence matrix decomposition techniques (include the effect of polarimetry on SAR Coherent Change Detection (CCD) products).
To further populate the spatial-temporal pipeline, we investigated the application of a landcover classification scheme for static features that leverages additional data sources. We applied the commercial eCognition software to create landcover models using electro-optical imagery and LIDAR-derived height data. This provided a more comprehensive classification of static features than SAR-derived methods and allowed us to proceed with execution of the integrated pipeline.
PANTHER considered extraction and classification of a variety of ephemeral features that are visually salient in SAR data. We developed several techniques for extracting vehicle tracks, vehicle arrivals and departures and other features. We successfully implemented a vehicle arrival and departure algorithm that had been proven elsewhere and modified for SAR. We also applied techniques from statistics, radar phenomenology and machine learning in attacking the problem of track and additional feature detection. These sensor exploitation techniques can support analyst investigations of patterns. But with single-polarimetric data, many of these techniques have sufficiently high false alarm rates that they are difficult to use in a high-confidence data analysis pipeline. Work continues through follow-on projects to investigate alternative methods of SAR exploitation.
HIGH CONFIDENCE DATA ANALYSIS
National security analysts support high consequence decisions with noisy, incomplete and sparse data. Consequently, they expect to be able assess the confidence of data analytics and factor that information into their assessment. More generally, analysts wish to answer questions such as:  What is the confidence of my search result?
 How does search confidence relate to data uncertainties?
 What type of data would improve search confidence?
Unfortunately, few data analysis techniques in practice today provide confidence information to guide decision-making.
PANTHER addressed this challenge by considering the quality of search results for a geospatialsemantic graph. We considered a canonical problem with a well-known answer: searching for high schools in Ann Arundal County, MD . This problem reflects characteristics of real-world problems: (1) there are few search matches over a large geographical area, (2) there is ambiguity in search results (e.g. some middle schools look like high schools), and (3) the search integrates uncertainties due to image registration, segmentation and classification of image features.
Our main research idea was to rank search results based on statistical confidence. We developed and compared several quality match scores: elicitation-based beta distributions, naive Bayes, and a distance-based quality metric. This comparison identified computational and data requirements that differentiate these quality scores. Further, we identified performance criteria that can be used to assess the utility of these quality scores for future applications. These criteria were illustrated with the high school search problem, which confirmed the ability for the proposed quality metrics to identify both good and poor matches. Consequently, a key impact of this work is to help focus analyst attention on search results with ambiguous and/or low confidence, which require further analytic assessment.
VISUAL SEARCH WORKFLOWS
A key goal of PANTHER was to ensure that the mathematics, algorithms and associated software technologies were developed to facilitate eventual transition to national security environments. Adoption of new technologies is a key concern because national security analysts routinely experience technology fatigue; it has proven difficult for researchers to develop new technologies that significantly improve the decision-making process of national security analysts. PANTHER focused on skilled imagery investigators, and we studied (1) how experiential knowledge evolves and is deployed in high-demand, high-throughput visual search workflows, and (2) visual search performance and attention.
We performed a series of qualitative and quantitative research activities with analytic work groups in the airborne SAR and space-based remote sensing communities . Over the past four years, in the context of PANTHER and two earlier research activities that led up to the PANTHER project, our team has conducted extensive qualitative research with imagery analysts and other domain professionals. We have interacted with over fifty professionals performing various roles in the SAR imagery analysis domain under study. Our data have come from observing imagery analysts reviewing analysis products for completeness and correctness; open-ended interviews with system designers, users, and imagery analysts; and teach-aloud interviews with imagery analysts in both domains. We have conducted several experimental studies examining issues in visual perception, visual search and signature detectability in synthetic aperture radar image products.
These workflow analyses informed the development of improved experimental design techniques for visual search. The eye tracking research community does not focus on experimental analysis within realistic National Security environments, and Sandia has developed a leadership role in this community. This led to a CRADA opportunity with EyeTracking, Inc., which strongly leveraged PANTHER's trajectory analysis capabilities to support novel analysis of eye tracking data. The PANTHER UI also leveraged our workflow observations about eyes-on-pixels labor; the UI supports workflows that avoid observed bottlenecks by using graphs to define and then filter pixels into collections of objects for human semantic match to features (Coram et al, 2015) .
FUTURE DIRECTIONS
PANTHER's technical accomplishments have led to new avenues of inquiry, new internally and externally funded research and development efforts, and funding to transition PANTHER technology to operational systems. In FY15, funding for projects inspired by or complementary to PANTHER was over half of PANTHER's funding, and FY16 support for PANTHER-related, follow-on activities more than doubles PANTHER's levels. Unsurprisingly, the technical scope of the work has grown as we have also extended the reach of PANTHER technology beyond defense and intelligence stakeholders.
New Research Directions
We engaged the PANTHER Advisory Board early to explore opportunities for mission applications. This diverse group, representing academia, government and industry, advocated for PANTHER to participate in community activities, and facilitated meetings with key decisionmakers. After our second External Advisory Board meeting in October 2013, the PANTHER team secured Sandia program development funds to conduct a comprehensive assessment of government investments in data-related initiatives, the academic and scholarly landscape and the broader market for PANTHER technologies. This helped identify a number of new research directions, and it helped plan for "Life after PANTHER".
The following projects were externally funded in FY15 and FY16:
 Army investments in maturing R&D for a tactical data pipeline and unsupervised SAR image classification and feature extraction.  NA-22/DOE investment in graph based change analysis.
 US Government investment in maturing SAR exploitation capability.
 US Government investment in extending trajectory analytics.
 Transportation Security Agency mission-driven feature recognition.
 DOE SubTER program funded graph analytics and uncertainty analysis applied to induced seismicity.
Similarly, the following projects were internally funded in FY15 and FY16:
Laboratory Directed Research and Development (LDRD)
 Patterns of Life Algorithm Development Via Semantic Graphs.
 Adverse Event Prediction Using Graph-Augmented Temporal Analysis.
 Counter Adversarial Graph Analytics.
 Hybrid classification using statistics and machine learning. 
Impact on Sandia
One salient impact of PANTHER concerns the focus of the Chief Technical Office (CTO) -sponsored Data Science Research Challenge (DSRC). Moving into FY16, the DSRC is focusing on geospatial data analysis for remote sensing. This activity strongly leverages and extends the PANTHER research roadmap, and it capitalizes on the staff and management energy for related mission engagements. Similarly, Division 5000 -Defense Systems and Assessments -is encouraging a Sandia Advanced Analytics Partnership construct that will help align the various spatial-temporal analytics and related efforts into a cohesive roadmap and strategy for national security impact in the next several years. Both of these Labs-wide efforts are aimed at developing a vibrant data science research community that advances pattern analysis. These efforts strongly leverage the broad management collaboration that supported PANTHER. This took the form of regular director-level interactions with the PANTHER technical leadership team, Managers in Electronic Systems (5300), Space Mission Development (5500) and Computing Research (1400).
PANTHER fostered an emerging data science community by hiring three mathematicians, one systems engineer, one computer engineer, one computer scientist, one cognitive scientist, and five student interns. PANTHER also fostered academic partnerships with SUNY Stony Brook, Colorado State University, Utah State University, University of Illinois Urbana-Champaign, and University of Vermont. Further, we deepened our collaborations with other DOE Laboratories: LANL, LLNL, and NETL via ongoing nuclear non-proliferation work and through proposed R&D.
DISCUSSION
The PANTHER Grand Challenge LDRD was an ambitious, technical reply to a deep and broad call for help from our national security stakeholders. PANTHER's technical vision was to develop and integrate capabilities in three focus areas -sensor exploitation, discrete analytics and human analytics -with the goal of developing transformative capabilities for analyzing large-scale, complex remote sensing data. PANTHER's initial focus was on developing the data analysis pipelines described in Figure 1 and 2. However, feedback from the PANTHER EAB and community stakeholders quickly identified gaps that motivated new work: trajectory analysis, high confidence data analysis, multi-intelligence (multi-INT) data analysis and application vignettes. The first two needs were met by adapting PANTHER's scope and focus, and by securing additional LDRD funds for PANTHER. Multi-INT data analysis became an integral theme throughout PANTHER, and application vignettes were developed and funded through non-LDRD projects (i.e. program management and external customer-funded).
The scope and focus of the human analytics research also underwent significant change during this project. We initially envisioned performing a straightforward user-oriented design approach for assessing the utility of PANTHER analytics available for a selection of applications. However, our team struggled to identify a suitable user community that was interested and available to experiment with new analytic workflows. After many engagements with professional analysts, we realized that a user-oriented design assessment was not suitable for evaluating the radically different capabilities that PANTHER was developing. PANTHER analytics can identify patterns that integrate data from disparate intelligence communities, and they are suitable for a new (and, so far, largely non-existent) user community that focuses on multi-INT data analysis. Consequently, the human analytics team shifted their focus to de-emphasize workflow analysis and instead focused on demonstrating the utility of PANTHER analytics through application vignettes, which is proving to be very influential in identifying advocates and early adoption partners.
Many of the follow-on funding sources described earlier are focused on extending PANTHER's research. These research directions closely align with a long-term technical roadmap that was developed by PANTHER leadership while planning post-PANTHER projects. These research activities are also closely aligned with the Data Science Research Challenge's technical roadmap for geospatial data analysis, which was strongly influenced by PANTHER's technical success. We conclude by highlighting a variety of research directions that are highly synergistic with PANTHER and which leverage other technical capabilities at Sandia:
• Tensor analysis is well-suited for the spatial-temporal data that PANTHER is analyzing, and these methods offer an alternative paradigm for identifying patterns is geospatial semantic graphs. Research in tensor methods was planned in the original PANTHER proposal, but it was subsequently omitted when PANTHER's scope was revised.
• Although PANTHER researchers considered scalable algorithmic techniques, a focus on parallel techniques for large-scale applications was intentionally omitted from PANTHER's scope. Research is needed to assess how PANTHER techniques can be effectively mapped onto data appliances, high-performance computers and cloud computing resources to support scalable analysis of large-scale geospatial data.
• PANTHER focused on image data. Intelligence analysts also rely on a variety of other data sources. Many of these data sources include text, which could be automatically analyzed and integrated into the semantic graph representations that PANTHER has developed.
• Intelligent data collection can be used to resolve data uncertainties, increase confidence in analytic results, fill in gaps in data, and gather new data that supports mission needs. This capability is highly synergistic with PANTHER's research on highconfidence data assessment, and it also intersects with Sandia's preliminary research on satellite scheduling.
• With recent advances in processing speed and our deeper understanding of fullypolarimetric SAR phenomenology, new methods for real-time, automated detection and classification of features in SAR are possible. By advancing these new exploitation areas, Sandia is positioning ourselves for the next generation of highperforming SAR systems.
Additional R&D topics are listed below that, although not funded in FY16, are of considerable interest to the growing Sandia Data Science community and mission stakeholders.
• Investigation of modern databases: graph-centric vs. spatial-centric vs. hybrid approach One of the PANTHER Advisory Board members encouraged us to demonstrate that "the whole is greater than the sum of the parts." By actively pursuing technical excellence and collaborating with key external partners, we have shown that a critical mass of cross-center, engineers, and scientists working together on R&D for national system implementation can achieve greatness.
APPENDIX A: HOW WE MEASURED OURSELVES
The following are the performance metrics that were developed at the start of the PANTHER GC:
Foundational Scientific Research efforts will focus on a) graph algorithm scalability, b) computational geometry theory and applications, c) advanced image processing and noise reduction, d) propagation of uncertainty and e) visual cognition. We will develop new mathematical representations of ensembles of temporal patterns derived from imagery and trajectory datasets, the measurement of uncertainty in query results, and models of information foraging tied to search and retrieval tasks. These technical advances will simplify the analysts' ability to query large volumes of geospatial data.
Human Performance Study success will be demonstrated via creation of metrics and subsequent measurements of human performance improvement by our technology vs. current state-of-the-art. This will be achieved using an interface and workflow design prototype that reduces working memory load during search and retrieval tasks. Attainment of these goals will allow us characterize and measure new efficiencies in geospatial reasoning.
Our demonstrated R&D success will motivate transition of the R&D approaches for national security customers. An integrated suite of Practical Technologies for geospatial-temporal challenge problems will help grow a portfolio of human-centered national applications that will sustain R&D in data science. PANTHER is currently storing >8B data points. We have developed automated software for managing data feeds each month (5M points/day). These tools are being used to access the near-real time feeds for PANTHER, a project in 5300 and two projects in 5500. DBSCAN Implementation. This is a clean, documented C++ implementation of the DBSCAN clustering algorithm that is suitable for standalone release. SNE T-SNE and bh-TSNE -Implementations. T-SNE is an algorithm for taking points in N-dimensional space and squashing them down into 2 dimensions. The reference implementation from the original author is terrible and mostly unusable. I rewrote it in dependency-free C++ (not even Boost!) with clear comments and instructions. There is no algorithmic novelty here but I believe that a drop-in-and-go implementation is a significant contribution. Tracktable
APPENDIX B: INTELLECTUAL PROPERTY TECHNICAL ADVANCES AND PATENTS
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Status
Tracktable is designed for analysis and rendering of trajectories constructed from time-stamped point data. 
